Abstract-This paper presents electromagnetic energy absorption in the homogeneous and layered human body models due to body-worn UWB antennas, at frequencies of 3, 6 and 8 GHz. Typical small planar UWB antennas are used in this study: printed UWB disc monopole and UWB slot antenna. Distances of 2, 5 and 10 mm (reactive near-field region) between antennas and human body were chosen, approximating realistic scenarios of operation in Wireless Body Area Networks. To approximate different parts of the human body, or body variations among different users, we compare results obtained for the planar homogeneous (muscle) model with those for three-layer body models (skin, fat and muscle), with different thicknesses of the skin (0.5-2 mm) and fat (1-9 mm) tissue. For these body models we investigate the electromagnetic energy absorption mechanism by examining the peak 1-g SAR and peak SAR (without mass averaging). Based on our results we present and discuss new finding concerning the general electromagnetic energy absorption mechanism in human tissues under reactive near-fields exposure conditions.
INTRODUCTION
Interaction between electromagnetic fields (EMF) and a human body has been of interest to the scientific community for a long time [1] [2] [3] [4] [5] , and gained a tremendous attention after the introduction of cellular phones [6, 7] . In a case of mobile phones, of the main concern was the interaction between terminal antennas and a human head [8, 9] .
Recently, after the introduction of wearable computing and bodycentric networks (both are the part of Wireless Body Area Network -WBAN) additional factors and scenarios must be considered for compliance testing.
There is a big interest in finding a proper technology to provide a wireless connectivity for such systems. Ultra-wideband (UWB) technology is foreseen as one of the main candidates for a wireless interface in WBANs [11, 12] .
Main advantages of UWB are potentially high data rates, low power consumption and restricted (by standardized bodies, e.g., FCC) levels of emitted power. Antennas play a critical role in the UWB communication systems, since they act as pulse-shaping filters [13] . In UWB WBANs or Body-Centric Networks design of the wearable UWB antenna is a major issue, thus there is a growing interest among researchers in this topic [14] [15] [16] [17] [18] . But also other wireless technologies (e.g., Bluetooth, WLAN, 802.11) are potentially attractive in wearable systems [19] [20] [21] [22] [23] . These new wireless systems will operate at higher frequencies, between 3 and 10 GHz.
Generally, most of the studies have concentrated on the evaluation of the power absorbed in the human body and a specific absorption rate (SAR). Not many studies were devoted to the understanding of the absorption mechanism in the human body. An excellent contributions in the field of electromagnetic energy absorption from '80s can be found in [3, 4] , and most recent in [6, 24] . A well know absorption mechanism first published by Kuster [6] (for the homogeneous body model), were recently questioned by a controversial paper from Kivekas [25] (author has considered both homogeneous and layered body models).
In this paper we study interactions of the typical UWB antennas used in wearable applications, and different (homogeneous and layered) human body models. To approximate typical scenarios in WBANs, we assume reactive near-field exposure conditions. The main aims of this paper are to investigate the influence of body modeling of SAR results, for very small distances between an antenna and body. Our results are general and hold not only for body exposure to UWB antennas, but also for other body-worn antennas. Motivated by still arising discussions concerning a general absorption mechanism in human tissues, we investigate also this topic. New finding about the absorption in layered body tissues under reactive near-fields exposure are disclosed in this research.
UWB ANTENNAS
For our studies we have chosen two representative, well known planar UWB antennas: UWB slot antenna (size 32×29×1.5 mm 3 ) and UWB disc monopole (size 20×37×0.5 mm 3 ). We have analyzed the same antennas in the context of UWB mobile terminals in [26] . In this study we use them only as the tools. These antennas are commonly used in UWB applications [27, 28] . In free-space they have quasi-omnidirectional radiation pattern. Both antennas and their return loss (RL) and transmit transfer functions (H T x ) characteristics are presented in Fig. 1 . As we can see from the RL characteristics, both antennas has similar RL at lower frequencies (below 6 GHz), but significantly different above 6 GHz. In this study we are not really interested in comparing the performance of these two antenna. We are rather interested to see if they behave (interact) in the same manner with different models of the human body.
HUMAN BODY MODELING
In our studies we use two different types of the human body model. The first one is a simple homogeneous model, composed only of the muscle tissue. The second one is a three-layer model, consisting of skin, fat and muscle tissue layers. This layered model can quite well represent most of the body regions, since the fat has similar properties to the bone tissue, and the electrical parameters of the muscle and many inner organs are alike. The inclusion of the low water content fat layer, which has significantly lower dielectric constant ( r ) and conductivity (σ) than the skin and muscle, is important considering the interactions of electromagnetic waves (thus also antennas) with body [3] . Due to the wave impedance mismatch between low (fat )and high (skin, muscle) water content tissues, significant reflections occur for far field exposure. This effect, can lead to the increased specific absorption rate (SAR) and does not occur in the homogeneous model.
In this paper we assume all models to be planar, and that the curvature of the body can be neglected in the case of physically small antennas. Overall surface size of all models is the same: 120×120mm 2 . The thickness of the muscle tissue is 50 mm for all models. For layered models, a thickness of the skin is 0.5, 1 and 2 mm, a thickness of the fat is 1, 3, 6 and 9 mm. These values are anatomically correct and can represent significant part of the human body [3] . All together, we have investigated 13 different body models. The electrical parameters of the tissues were assumed to be as in [29] .
RESULTS
All results were obtained from the extensive full-wave electromagnetic simulations, using commercial solver CST Microwave Studio. Driven 
Peak SAR
In Fig. 2-4 we present calculated ratio ([dB]) of the peak SAR in layered models relative to the homogeneous muscle model for distances between UWB antennas and the body of 2, 5 and 10 mm, respectively. Each figure shows results for 3, 6 and 8 GHz. As mentioned above, all figures are normalized to the respective peak SAR in the muscle tissue model. These values are listed in Table 1 . In all figures we see increased peak SAR in layered models, compared to the homogeneous body model. At the given frequency, the smallest SAR increase occurs at 2 mm distance between the antenna and body. For the UWB monopole antenna SAR increase at 3 GHz and 2 mm distance is smaller than 1.7 dB, but for the UWB slot antenna it is much higher (5.9 dB for the model with 1 mm thick skin and 9 mm thick fat tissue). Some explanations for this behavior will be given later on in the paper (Section 4. and body increases, also the SAR ratio grows at a certain frequency. Due to the high r contrast between skin and fat layers (thus also high mismatch of their wave impedance), as well as high conductivity of the skin, in all investigated cases the maximum power absorption occurs in the skin layer. The absolute values of the unaveraged peak SAR can become as high as 930 W/kg (UWB slot, 2 mm distance, 8 GHz).
Comparing UWB slot and monopole antennas, we observe that as frequency and distance increases, maxima of the peak SAR ratios have similar value (see Fig. 4(c) and 4(f) ). This behavior is actually not surprising (since for a very large distances we can consider radiated fields from both antennas being similar to the plane wave), but the small distance (∼λ/4) where this phenomenon is already visible is rather surprising. Another similarity between two antennas, much more interesting, lies in the fact that actually if we look at peak SAR ratio figures, we clearly see regularity in their 'pattern'. Moreover, we observe that for both antennas maxima occur approximately for the same combination of the skin and fat tissue thicknesses (only at 3 GHz and 2 mm distance, Fig. 2 (a) and 2(d), it is not the case). This phenomena will be analyzed in more details in the following paragraph.
Peak 1-g SAR
In Fig. 5-7 we present calculated ratio ([dB]) of the peak 1 g SAR in layered models relative to the homogeneous muscle model for distances between UWB antennas and the body of 2, 5 and 10 mm, respectively. Each figure shows results for 3, 6 and 8 GHz. In all figures values are normalized to the respective peak 1 g SAR in the muscle model. These values are listed in Table 2 . Since the peak 1 g SAR include spatial averaging of the absorbed energy, results in most cases are similar to those of unaveraged SAR. Namely, at the distance of 2 mm, there is maximally 1.4 dB 1 g SAR increase in layered model compared to the muscle model. But as we see in Fig. 6(b) , already for a 5 mm distance peak 1 g SAR is 3 dB enhanced in the layered model. We also observe that at higher frequencies the 1 g SAR is increased only for a very thin skin tissue. It is so due to the high losses of the skin tissue and therefore less energy available for the layering resonance effect (described in more details in the Section 4.4).
It is interesting to compare 1 g SAR results for both investigated UWB antennas. We see that there is a bigger discrepancy between both antennas in a pattern of the averaged SAR, than for the unaveraged SAR. The maxima in figures with peak SAR for both antennas were observed for the similar skin and fat thickness in a layered model. But maxima of the 1 g SAR ratios occur in most cases for different layered model for the slot and monopole antenna. Only for 10 mm distance and frequency of 6 and 8 GHz results for both antennas are similar. Explanation of these differences will be given in a following paragraph.
Absorbed Power Density
In Tables 1 and 2 of preceding paragraphs we have seen that the absolute values of unaveraged and averaged SAR in the homogeneous muscle model can differ considerably between both antennas. To find out why is it so, we have examined the power density of absorbed energy just below (0.5 mm) the body surface. In Fig. 8 we present the absorbed power density at 3 GHz, for the homogeneous model as well as two layered models with the same skin thickness (1 mm) and fat thicknesses of 3 and 6 mm. Considering the muscle model, we see that there are two spots of the absorbed power for the slot antenna ( Fig. 8(a) ) and one for the monopole (Fig. 8(d) ), in both cases due to the maxima of the antenna surface current [6] . It explains the 66% higher peak SAR for the monopole antenna, as well as 80% higher peak 1 g SAR (since peaks of the absorbed power are about 20 mm separated, and the 1 g mass averaging volume is about 10 mm). Interestingly, at 8 GHz we see ( Tables 1, 2 ) that the unaveraged SAR is now 90% higher for the slot antenna, whereas the 1 g SAR is 33% higher for the monopole. After studying again power absorption (figures not shown), we observed that for the slot antenna peaks occur in the same places as at 3 GHz, but they are more intense due to increased frequency. For the monopole, at 8 GHz there are more resonances (e.g., in the ground plane and the disc), thus there is also more than one peak of the absorbed power. These peaks however are relatively close to each other, contributing to the spatially averaged SAR.
Results for layered models are shown in Fig. 8(b) , 8(c) and Fig. 8(e), 8(f) for the slot and monopole antenna, respectively (normalized to the same value for each antenna). For the slot antenna, we see that two absorption peaks observed in the muscle model ( Fig. 8(a) ) are coming closer as the thickness of the fat tissue increases. For 6mm thick fat peaks have merged, resulting in about 6 dB higher unaveraged SAR, compared to the homogeneous muscle model. Also for the monopole antenna bigger losses in the skin occur for the thicker fat tissue. However the difference in the peak SAR between muscle and layered models is smaller (< 1.7 dB), because there is one absorption peak in all cases. This effect of easier field penetration thru the skin tissue due to the thick fat tissue is caused by a lower effective dielectric constant of the layered model (e.g., at 3 GHz and normal incidence, for model with 1mm skin, 3mm fat r−ef f = 8.6 − i4.3, for 1 mm skin, 6 mm fat r−ef f = 4.5 + i3.3; calculations were done according to [3] ). Easier coupling does not significantly increase 1 g SAR (but increase unaveraged SAR), because fat is a relatively low loss tissue and its bigger contribution in the averaging mass volume compensates higher peak SAR in the skin layer. Later on we will show that this absorption mechanism dominates only for very small (< λ/25) distances between the body and antenna.
STANDING WAVE EFFECT IN LAYERED TISSUES UNDER REACTIVE NEAR-FIELD EXPOSURE CONDITIONS
In this paragraph we report a standing wave effect of the electric field, which occur in layered biological tissues under reactive near-field exposure conditions. To our best knowledge, this effect was previously not reported in an open literature for such small separations between antennas and human body. Of course, for larger distances between an antenna and layered tissue this resonance effect is well known [3, 24] . But usually it was assumed that it does not occur in the reactive nearfield region of the antenna, because the non-radiating (evanescent) fields dominate in this region.
As we wrote in the paragraph presenting peak SAR results (Section 4.1), for both antennas maxima occur approximately for the same layered model, at a given frequency. Therefore, we concluded that the peak SAR maxima must be related to the layered model structure and frequency. After a careful examination of electric fields in the layered body models at different frequencies and distances, we have indeed confirmed our suspicions. As an example in Fig. 9 we present the standing wave effect in the fat tissue, at 6 GHz and 5mm distance between layered model and the slot antenna. This case corresponds to the peak SAR results from Fig. 3(b) . We see that for the 6mm (a) (b) Figure 9 . Amplitude of the electric field (E) radiated by the UWB slot antenna in the vicinity of layered human body models: a) fat 6 mm, skin 1 mm; b) fat 12 mm, skin 1 mm. Frequency equals 6 GHz, distance between the antenna and body is 5 mm (λ/10).
thick fat layer, the maximum of Eoccurs in the skin layer, close to the fat tissue ( Fig. 9(a) ). But when the fat thickness is doubled (12 mm), Emaximum exists in the fat tissue ( Fig. 9(b) ). This is a typical behavior when a standing wave occur. Maximum of power absorption lies still in the skin, since the fat losses are significantly lower than in a skin. After performing additional simulations for different scenarios (varying thicknesses of different layers, frequency as well as distance) we have found that this effect starts for distances between the antenna and body of about λ/25-λ/20. There is no sharp lower limit for the separation distance, because this effect does not only depend on the electrical distance between the antenna and body, but also on the content of reactive waves in the electric field spectrum of the antenna. The maximum of the absorbed power will be deposited in the skin layer when the fat thickness is around λ/4.
CONCLUSIONS
We presented studies concerning the electromagnetic energy absorption in different human body models due to body-worn UWB antennas, at frequencies of 3, 6 and 8 GHz. Typical small planar UWB antennas are used in this study: printed UWB disc monopole and UWB slot antenna. Distances of 2, 5 and 10 mm (reactive near-field region) between antennas and human body were chosen, approximating realistic scenarios of operation in Wireless Body Area Networks. To approximate different parts of the human body, or body variations among different users, we compare results obtained for the planar homogeneous (muscle) model with those for three-layer body models (skin, fat and muscle tissues). For these body models we investigate the electromagnetic energy absorption mechanism by examining the peak 1 g SAR and peak SAR.
Results disclosed the increased peak SAR in all layered models, compared to the homogeneous body model. At the given frequency, the smallest SAR increase occurs at 2mm distance between the antenna and body. For the UWB monopole antenna peak SAR increases maximally 1.7 dB at 3 GHz and 2 mm distance, and for the UWB slot antenna it increases 5.9 dB. For larger distances peak SAR ratio can be as high as 9.5 dB, compared to the muscle model. The absolute values of the unaveraged peak SAR can become as high as 930 W/kg (UWB slot, 2 mm distance, 8 GHz). For the 1 g SAR results, at the distance of 2mm, there is maximally 1.4 dB increase in the layered model compared to the muscle model (in most cases it is lower). But already for a 5 mm distance, 1 g SAR is 3.3 dB enhanced in the layered model, and 4.3 dB for the 10mm separation.
Trying to explain above results, we have additionally studied basic absorption mechanism in human tissues, under the reactive near-field exposure conditions. We have found that for very small distances between the body and antenna (< λ/25), increased unaveraged SAR due to easier electric field penetration thru the skin tissue for body models with thick fat tissue, is caused by a lower effective dielectric constant of the layered model. But more serious effect of the layered composition of the human body is visible for distance between the antenna and body bigger than λ/25. In this case increased SAR is caused by the standing wave effect. This is rather surprising finding, because the body lies within the reactive near-field region of the antenna.
